A new micro accelerometer is proposed to measure and reduce low-frequency vibrations actively. It is mainly composed of a seismic mass, a leaf spring, and a focus probe modified from a digital versatile disc (DVD) pickup head. When a vibration occurs, the leaf spring will exhibit an elastic deformation; the seismic mass will move up and down due to the effect of inertia, whose displacement can be detected by the focus probe. Therefore, the measured acceleration can be obtained. The accelerometer was designed, and its proper parameters were obtained. The accelerometer was calibrated and tested using a high-precision vibration generator. The experimental results demonstrate that the proposed accelerometer has a sensitivity of 10.8 V/g, a resolution of 3.0 × 10 -4 g, and a working frequency range of 1-10 Hz. Also, the uncertainty of the accelerometer was analyzed in detail and an evaluation result of 7.0 × 10 -4 g (K = 2) was obtained. It can be used to detect the low-frequency microvibrations in high-precision measurement and machining fields.
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Introduction
Low-Frequency micro-vibrations have a negative effect on precision measurement, precision machining, metrology verification, and other similar applications. It cannot be reduced effectively by passive control vibration isolation methods. Accelerometer system is necessary for an active vibration isolation system. According to previous research results [1] , [2] , the vibrations usually caused by human activities, transportation and mechanical equipment, have a frequency range of 0-10 Hz and an amplitude of micrometer level. Accordingly, accelerometers with low frequency and high precision are required. The current accelerometers can be classified two types by their adopted sensors. The first type is the accelerometers based on electrical sensors, such as strain gauge [3] , [4] , piezoelectric sensor [5] - [8] and capacitive sensor [9] - [11] . Strain gauge accelerometers usually have high stability, low cost and a bandwidth of 100 Hz. Piezoelectric accelerometers have a wide bandwidth of 1.5 kHz and a sensitivity less than 1.56 × 10 −3 V/g. Capacitive accelerometers have much higher sensitivity and cost than piezoelectric accelerometers. The second type is the accelerometers based on optoelectronic sensors, such as fiber Bragg grating (FBG) [12] - [17] , focus probe [18] , [19] and position detector [20] . The sensitivity and the minimum sensing frequency of the FBG accelerometer can reach 0.362 V/g and 1 Hz respectively [14] . Chu et al. [18] and Liu et al. [19] proposed a new optical accelerometer based on a focus probe modified from DVD pick-up head. These optical accelerometers have high precision, are low cost, and enable the detection of low-amplitude vibrations. Nevertheless, the cantilever beam that are used always produces an angular motion, the motion of the seismic mass is not parallel to the light axes of the focus probe, causing a measurement error. In addition, they cannot detect vibrations with a frequency less than 3 Hz and their performances have not been tested and evaluated thoroughly. In the author's previous research [20] , an optical accelerometer with a four-quadrant optical detector (QPD) was developed. It performed well in detecting low frequency vibrations (as low as 0.4 Hz). However, the low integration of the displacement sensor based on a QPD increased the uncertainty of the accelerometer. The cost of the optical accelerometer can also be reduced further.
Compared with the electrical accelerometers, the optoelectronic accelerometers have the advantages of high sensitivity, fast response speed and high accuracy. A new low-frequency micro accelerometer based on centrally symmetrical leaf spring and a focus probe is developed in this study. The leaf spring with a seismic mass was used as a vibration-sensitive unit, and the focus probe modified from DVD pick-up head was used to detect the displacement of the seismic mass. Section 2 introduces the principle, design, analysis, and fabrication of the micro accelerometer. Section 3 presents the calibration and performance test of the micro accelerometer. Section 4 discusses the analysis, tests, and evaluation of the accelerometer's uncertainties. Section 5 presents the summary and prospect of the optoelectronic accelerometer.
Principle, Design, Analysis and Fabrication
The accelerometer consists of a leaf spring, a seismic mass, and a focus probe, as shown in Fig. 1 . The focus probe is composed of a modified DVD pickup head, an objective lens, and a plane mirror. The objective lens is assembled in a hollow precision screw to enable fine adjustments. The plane mirror adheres to the lower surface of the seismic mass. When a vibration occurs, the leaf spring will experience an elastic deformation, and the seismic mass with the plane mirror will move up and down at the same time. The relative displacement between the seismic mass and the base can be measured using the focus probe.
The DVD pickup head is highly integrated, low cost, and is widely available in the market. It can be modified into a displacement sensor with nano-level precision by removing its voice coil motor and springs [21] , as shown in Fig. 2 . The laser diode generates a red beam with a wavelength of about 650 nm. The red beam is focused on the mirror after passing through the grating, quarter wave plate, polarization beam splitter, collimator lens, and the objective lens in sequence. The reflected beam passes through the cylindrical lens and finally projects on the surface of the QPD, rather than going back to the laser diode because the S-beam has been changed into a P-beam by passing through the quarter-wave plate twice. A minor displacement of the mirror around the focus plane will cause a different distribution of the light spot on the QPD's surface, which is caused by the cylindrical lens. A focus error signal (FES), which is (V A + V C ) − (V B + V D ), an output by applying an appropriate resistance for each photodiode of the QPD. The FES is linear with the distance between the focus plane of objective lens and the reflecting mirror. This focus probe can reach 1 nm resolution and has a measurement range of 5 µm [23] , which can detect the relative displacement between the base and the seismic mass. Then, we can obtain the acceleration.
According to the principle of accelerometer [23] , the frequency of measured acceleration should not exceed 20% of the accelerometer's resonance frequency when the internal damping can be ignored. The resonance frequency of the accelerometer must be around 50 Hz for a target working frequency range of 1-10 Hz. The resonance frequency of an accelerometer is decided by the mass of the seismic mass block and the stiffness of the leaf spring. A three-lobed leaf spring as shown in Fig. 3 was proposed. Simulation analysis using ANSYS 14.0 software was performed to find the optimal parameters of the accelerometer since it is difficult to calculate a mechanical model for the complex leaf spring. Considering the required resonance frequency (50 Hz), the volume of the accelerometer, the type of raw materials, processing, assembly, and other factors synthetically and optimizing the parameters many times by simulation, appropriate parameters of the leaf spring and the seismic mass were determined. The leaf spring are fabricated by a beryllium bronze sheet (Young's modulus is 130 GPa) with a thickness of 0.1 mm. Its other sizes are shown in Fig. 3 . The seismic mass is fabricated using steel with a mass of 6.25 g and a size of φ10 mm × 10 mm. Simulation verification by ANSYS 14.0 has been conducted using the obtained parameters, and the results are shown in Fig. 4 . The resonant frequency of the seismic structure is 51.7 Hz and the static deformation is 92.9 µm. The sketch map and the photo of the accelerometer are shown in Fig. 5 (a) and 5(b), respectively.
Experiments

Experimental Setup
The accelerometer is calibrated by a comparative method [19] . The output signals from the accelerometer and a reference are recorded synchronously and compared when a particular excitation is applied. An eddy current sensor (ECS) with high-resolution, wide-bandwidth, and low thermal drift served as a reference in this study [24] , [25] . The said ECS has a sensitivity of 0.2312 V µm −1 , a measurement ranges of 50 µm, a resolution of 0.72 nm, and a nonlinearity error of less than 1%. We can achieve the accelerations by the measurements of the ECS by Eq. (1)
where D is the vibration amplitude measured by ECS and f is the frequency of the sinusoidal excitation signals provided to the vibration generator. Fig. 6 illustrates the experimental setup used for the calibration and test. In this arrangement, a homemade vibration generator [26] was used to provide excitation forces. A high-precision wave generator (Keysight 33519B, Keysight Technologies Co., Ltd. America) was used to generate excitation signals, which were then amplified by a homemade power amplifier base on PA94 (Apex Microtechnology Co., Ltd. America) (amplification factor is 15) to drive the vibration generator. The vibration generator can work stably with a frequency range of 0.6-50 Hz, an analytical displacement resolution of 3.1 nm, and an acceleration range from 0 to 0.197 g. The output signals of the proposed accelerometer and ECS sensor were recorded using the same DAQ card (Keysight U2542A, Keysight Technologies Co., Ltd. America).
Frequency Response Range
The frequency response range of the proposed micro accelerometer was tested using the experimental setup shown in Fig. 6 . Sine waveform signals with frequencies ranging from 1-10 Hz with an 
Sensitivity
From Fig. 7 we can see that the sensitivity is a constant in the frequency range of 1-10 Hz. The sensitivity is measured at 5 Hz that is more representative. A sine signal with a constant frequency of 5 Hz was generated to drive the vibration generator. The acceleration of the vibration generator increased gradually by changing the amplitude of the sine signal from 3. where a is the measured acceleration;k is the estimated value of the sensitivity of the accelerometer; b is the estimated value of the initial level. Therefore, the sensitivity of the micro accelerometer is 10.8 V/g. The sensitivity of the accelerometer measured at different frequencies ( Fig. 7 shows) is consistent with the one measured at different amplitudes (Fig. 8 shows) .
Resonance Frequency
The resonance frequency of the micro accelerometer was investigated using the experimental set-up shown in Fig. 6 . A swept sine waveform signal was generated, which was amplified and supplied to the vibration generator. 
where, X is the displacement of the base, Z is the relative displacement between the seismic mass and the base, ω is the frequency of the detected vibration, ω n is the resonant frequency of the accelerometer and ξ is the damping ratio of the accelerometer. The results are as shown in Fig. 9 . From Fig. 9 , we can find the first resonance frequency f r is approximately 46.5 Hz, the amplitude A(ω r ) of the micro accelerometer is 39.2 (ω r = 2πf r , ). According to the relationship between angular frequency ω r , damping ratio ξ, and resonance frequency ω n [23] :
Substituting Eq. (4) into Eq. (3), we can obtain: From the measured A(ω r ) and Eq. (5), we can know that the damping ratio is almost zero; and the resonance frequency of the accelerometer can be estimated by Eq. (4):ω = 46.5 Hz. The difference between simulation result and experimental result of the resonance frequency can be caused by many factors, such as fabricating and assembly error, the inconsistency of the Young's modulus and Poisson's ratio between the materials used in analysis and fabrication. The difference can be reduced by improving the fabrication accuracy, assembly accuracy and testing the actual values of the material's performance parameters.
Resolution
The resolution of the accelerometer was tested using a sine excitation signal with a constant frequency of 1 Hz. The amplitude of the exciting signal for the vibration generator increased gradually until the accelerometer produced a clearly sinusoidal waveform. Then, the output voltage signal of the accelerometer was converted into the corresponding acceleration by dividing its sensitivity. The experimental results shown in Fig. 10 reveal that the resolution of the accelerometer is approximately 3.0 × 10 −4 g.
Measurement Uncertainty Evaluations
Measurement uncertainty evaluations based on some experiments have been carried out for the proposed accelerometer. According to the Guide to the Expression of Uncertainty in Measurement (GUM) [27] , the indication errors, repeatability, and signal drift are the most important factors which result in uncertainty in detecting accelerations. Considering the indication errors generally can be detected and corrected, the residual errors of the indication error corrections should be included in the measurement uncertainty.
Uncertainty for Indication Residual Error
Using the experimental setup Fig. 6 shows, the indication errors of the accelerometer can be calibrated by comparing the acceleration measured by the studied accelerometer with the reference value obtained by the ECS. Considering that the accelerometer is a dynamic second-order measurement system, its sensitivities generally vary with different accelerations and frequencies of input signals. Thus, the indication errors related to its sensitivities will also be influenced. Indication errors at different accelerations that varied with the frequencies of input signals should be detected to evaluate the uncertainty of them. In the experiment, 10 different accelerations that vary with signal frequencies within the measurement range (1-10 Hz) of the accelerometer were chosen to calibrate the indication errors of the accelerometer. For each input signal, the indication errors were measured 10 times. The average value at each frequency of the 10 time measurements can be taken as the indication errors, as shown in Fig. 11 . From Fig. 11 , the relationship between the indication error and the corresponding frequency f can be fitted with a quadratic polynomial function:
According to Eq. (1), when the amplitude was fixed at 20 µm, the relationship between indication error δ and acceleration a can be obtained:
Eq. (7) can be employed to correct the indication errors and get more accurate accelerations. The uncertainty u I of the indication residual errors can be calculated by the residual standard deviation:
Here,δ = −9.71 × 10 −6f 2 + 1.06 × 10 −4f − 2.17 × 10 −4 (f = 1, 2, . . . 10 Hz). And its degree of freedom is γ I = 7. According to Eq. (8), the uncertainty u I = 3.4 × 10 −5 g.
Uncertainty for Repeatability
The accelerometer was used to measure an acceleration 10 times repeatedly generated by the homemade vibration generator mentioned in Section 3.1. The amplitude of the measured acceleration is approximately 20 µm with a frequency of 5 Hz. The relative standard deviation of the acceleration generated by the vibration generator is less than 0.1% [26] . Therefore, the uncertainty caused by the vibration generator is less than 2.2 × 10 −5 g and can be ignored in this case. The average of the 10 repeated measurements can be regarded as the estimated value of the acceleration, that isā = 2.17 × 10 −3 g, with a standard uncertainty of u R = 1.1 × 10 −5 g and a degree of freedom of γ R = 9. 
Uncertainty for Drift
The drift of the accelerometer caused by the temperature fluctuation, electromagnetic interference and so on, are a main contribution to the measurement uncertainty. The accelerometer was placed in a temperature controlled room for two hours to test its stability. Both the output voltage of the accelerometer and the temperature were recorded as shown in Fig. 12 . The temperature's fluctuation is less than 0.15°C in two hours and the overall peak-to-peak drift value U max within two hours is 6.5 mV which can be employed to estimate the uncertainty. Thus, the peak-to-peak drift value of the detected acceleration can be obtained through dividing U max by the sensitivity k, which is 5.9 × 10 −4 g. Assume that the drift error conforms to uniform distribution, the standard uncertainty is:
As a result, u D = 3.4 × 10 −4 g considering that measuring time is usually much less than two hours, and the uncertainty is estimated by the peak-to-peak value of the drift, the evaluation of the standard uncertainty is completely reliable. Therefore, the degree of freedom can be considered infinite, that is γ D = ∞.
Synthetic Uncertainty and Degree of Freedom
The uncertainty of the measurement results can be synthesized from the above three uncertainty components. All the three correlation coefficients between these components can be assumed zero because the three uncertainty components are affected by different characteristic errors and can be considered independent of one other. The combined standard uncertainty is:
The degree of freedom is:
Substituting the previously calculated values into the Eq. (10) and (11), we can obtain u C = 3.5 × 10 −4 g, γ C = 74450, and the expanded uncertainty U = 7.0 × 10 −4 g (twice the standard combined uncertainty u C with a confidence probability of approximately 95%). After correction of the indication error, the results of the measured acceleration can be expressed as a =ā − δ ± U = 1.12ā − 0.037 √ā + 2.17 × 10 −4 ± 7.0 × 10 −4 .
Conclusion
This paper presents a low-frequency micro accelerometer based on a centrally symmetric leaf spring and a focus probe modified from DVD pickup head. The accelerometer is analyzed, designed, verified, fabricated, and tested. The experimental results show the accelerometer has a sensitivity of 10.8 V/g, a resolution of 3.0 × 10 −4 g, a working frequency range of 1-10 Hz, and a stability of 5.9 × 10 −4 g in two hours. The uncertainty of the accelerometer was also analyzed and evaluated, which is 7.0 × 10 −4 g (K = 2). This accelerometer has the advantages of high precision, low cost, high stability, small size, and so on. It can be used to detect the micro-vibrations with low-frequency. Moreover, it can also be used to detect micro-vibrations with higher frequency by changing a leaf spring with appropriate parameters.
